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論 文 内 容 要 旨 
Many reinforced concrete buildings in the world use masonry infills as partition walls. The masonry infill is considered as 
a non-structural element. However, masonry infill walls play an important role in the seismic capacity of buildings and could 
greatly change the seismic behavior, which was noticed in past earthquakes and experimental investigation. Despite the major 
role of masonry infill in the seismic capacity, masonry infill has commonly been ignored in the seismic design of reinforced 
concrete buildings due to an incomplete knowledge concerning behavior of infill and complexity in evaluating its failure modes.  
This study investigated past research on the topic and conducted a comparative study between past research and a database 
of more than 30 specimens. The investigation showed that there are three main problems that needs to be addressed:  
1- Evaluation of lateral strength of masonry infill has large variations in past research. 
2- There is a lack of study to estimate the ductility of masonry infill considering the influence of different failure modes 
and influence of the surrounding frame.  
3- There is no practical procedure to evaluate the seismic capacity of reinforced buildings with masonry infill.  
This research work focuses on understanding and simplifying the evaluations of seismic characteristics of reinforced 
concrete buildings with masonry infill in order to propose practical seismic evaluation methods for that can be easily applied to 
existing buildings in developing countries. The objectives are as following:  
Objective 1: Understand the behavior of RC buildings with masonry infill based on literature review and experimental 
study that investigates the main influencing parameters. 
Objective 2: Propose simplified methods to assess strength and ductility of masonry infill considering major influencing 
parameters and different failure modes. 
Objective 3 (Main goal): Develop a practical evaluation method and application into several developing countries.  
 
Significance of this research work: Most of the causalities and damage of earthquakes are usually in developing countries which 
are not prepared for disasters, 2010 Haiti earthquake is being a recent example. This research will help to improve the field of 
seismic evaluation of RC buildings with masonry infill by proposing easier and practical methods that can be applied in 
developing countries. This research is unique in that it combines experimental study, mathematical modelling and actual 
application to existing buildings in several countries. 
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The thesis is organized into 7 Chapters as the following:  
 
Chapter 1: Introduction  
This chapter presents general background, defines the problem statement, main objectives and research flowchart. 
 
Chapter 2: Understanding behavior of masonry infill based on literature review 
This chapter investigated seismic capacity of masonry infill based on previous research and comparison with previous 
experimental data. This chapter is divided into 5 main sections with each section designated to a characteristic of masonry infill 
as following: failure modes, in-plane strength, ductility, openings and out-of-plane failure. 
 The following are the main points:  
a) Failure modes: researchers have different identifications of failure mechanisms of masonry infill. Sliding failure and 
compression failure are the most common. A mixed failure of both (sliding and compression) was the actual case in 
many experiments. 
b) In-plane strength: the equations proposed by various researchers tend to contradict each other. Some studies placed 
emphasis on the importance of the frame to infill strength ratio while others emphasized the importance of the frame 
to infill stiffness ratio and others ignored the influence of these ratios altogether. A simple proposed assumption that the 
shear strength of masonry infill taken is about 5% of prism compressive strength (0.05fm) gave better results than more 
complicated methods proposed by several researchers.  
c) Ductility: there is a lack of studies investigating the ductility limits of masonry infill and influencing parameters.  
d) Openings in masonry infill: the reduction of lateral strength due to openings in masonry infill panel is reviewed from 
different past experiments and compared to empirical methods proposed by different researchers. Recommendations 
and limitations of the past methods are discussed. In addition, there is a lack of experimental studies investigating the 
influence of masonry wing walls and large openings.  
e) Out-of-plane capacity: The methods proposed by several researchers depend on mainly slenderness ratio (h/t), 
compressive strength of masonry (fm) and boundary conditions with frame. The method of Dawe and Seah (1989) with 
modification of prior cracking due to in-plane loading as suggested by the New Zealand assessment would give better 
and more conservative estimates compared with other existing methods. 
 
Chapter 3: Experimental study of masonry infilled RC frame 
Chapter 3 presented the results of five ½ scale single story reinforced concrete frames with masonry infill that were subjected 
to static cyclic lateral loading. The objective of this chapter is to investigate the influence of several crucial parameters which are 
thought to be overlooked or had controversial conclusions on their importance in past research. Three main parameters were 
investigated: varying the strength of surrounding RC columns, varying the strength of RC beam and varying mortar strength of 
masonry.  
The main findings of experimental results are as follows: 
1- The masonry infill shear strength, τinf, ranges between 0.04fm ~ 0.08fm (where fm is the prism compressive strength of masonry 
infill). Results showed that as the ratio of expected shear strength of frame to the expected masonry shear strength (β index) 
increased, there was great improvement of the masonry infill walls in terms of shear strength. It is thought that the larger β 
index resembles a stronger and stiffer boundary RC frame which will result in an increase in the contact length between 
frame and masonry infill which increases the compression strut width of masonry infill and thus increases the lateral load 
capacity that is carried by the infill. In other words, a stronger surrounding frame will increase the shear strength of infill. 
2- Specimens that had β index larger than 0.7 avoided the sudden brittle behavior of the masonry infill. In other words, the post 
peak degradation slope is more flat in the experimental results with larger ratios of frame shear strength to masonry infill. 
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3- Hinge locations in RC frame changes based on the relative strength of frame to masonry infill (β index). Relatively weaker 
columns yielded at the upper critical section and just above their mid-height, respectively, forming a failure mechanism 
similar to a short column as shown in Figure 1-a). On the other hand, stronger frames with larger β index (β index>0.7) had 










4- Interestingly, specimen WM (weak mortar) showed beneficial influence of weak mortar, as there was relatively less damage 
in the masonry infill panel and surrounding frame. However, the influence of weak mortar might have adverse effects on 
out-of-plane capacity, which is out of scope of this study. 
 
Chapter 4: Simplified mathematical model for infilled RC frame 
This chapter proposes simplified methods for the backbone curve using simplified estimate of initial stiffness, strength and 
deformation limits of masonry infilled RC frames. The proposal equations are based on intensive investigation of experimental 
study in Chapter 3 and other past experimental data by other researchers worldwide.  
The following are the main findings: 
a) The initial stiffness was not significantly influenced by changing the frame strength and using a simple assumption that 
masonry infill strut width is 0.2~0.25 times its diagonal length gives a good estimation of initial stiffness. 
b) The (β index) is found to be an important parameter and can be used to predict the failure mechanisms, lateral strength, and 
ductility of infilled frames. A simplified method to assess the strength and deformation of masonry infill considering the 
influence of the surrounding frame strength is proposed. The increase of shear strength of masonry infill is thought to be 
due to the increase of the width of the strut of the masonry due to confinement from a strong infill. A relation between strut 
width and shear strength is proposed based on expected relative strength of frame to masonry (β index). The proposed 
method is simple and gives reasonable estimates of masonry infill strength. 
c) A simplified backbone curve is proposed that can predict in-plane behavior of masonry infill. This method is useful in the 
preliminary design process by practical engineers to understand the expected general behavior of the infilled RC frames. 
The backbone curve showed good agreement with experimental results tested by several researchers. In addition, the 
novelty of the proposed method is that it gives good estimation of the post-peak lateral strength degradation slope based on 
the ratio of frame to masonry infill strength which is not addressed in previous models. However, the simplified bi-linear 
frame model cannot represent the damage induced by rebar buckling and shear cracking in columns. This is a limitation of 
the purposed backbone curve and needs further improvements in future studies. 
 
Chapter 5: Seismic evaluation method of masonry infilled RC buildings 
This chapter proposes methods to evaluate the seismic capacity of masonry infilled buildings using two methods: Shiga map 
and the Japanese Seismic Evaluation Standard for Existing RC Buildings JBDPA (2001). Both methods are intended for RC 
buildings without consideration of masonry infill because masonry infill is not commonly used in Japan. Therefore, the main 
objective of this chapter is to propose a procedure including modifications to address masonry infill into both methods. Originally, 
both Shiga map and Japanese evaluation method used similar concepts but were arranged differently as discussed in this chapter.  
Figure 1 .Change of failure mechanism due to frame strength ratio (β index )   
a) Relatively Weak frame (β index ) <0.7   b) Relatively strong frame (β index ) >0.7   
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a) Method based on the Shiga map method for RC buildings:  
A simplified seismic evaluation method using the concepts of Shiga map is proposed to evaluate masonry infilled 
buildings. The novelty point that distinguishes the proposed method from other similar methods, such as Hasan 
and Sozen (1997), is that this proposed method considers the different material strengths expected in each country and the 
difference in seismic demand of different countries. In addition, this method theoretically justifies the criteria of evaluating 
buildings rather than best fit lines.  
b)  Method based on the Japanese evaluation method JBDPA (2001). 
A detailed procedure is proposed to incorporate the strength and ductility of masonry walls into the Japanese seismic 
evaluation standard. The proposed procedures address the calculation of C strength index and F index of masonry infill 
walls and their surrounding frame based on different cases of failure mechanisms. The proposed failure mechanisms 
depend mainly on the relative strength of frame to masonry infill (β index) which could change flexural failure of columns 
into a brittle shear failure due to change in positions of plastic hinges.  
The proposed methods have several limitations which need further research such as the influence of the positioning 
of openings, masonry wing wall influences and aspect ratio (H/L) outside the range of 0.5~1.5.  
 
Chapter 6: Application of the proposed seismic evaluation methods 
Chapter 6 presents the application of the two proposed methods that were presented in Chapter 5 to evaluate the seismic 
capacity of masonry infilled RC buildings. Chapter 6 is divided into four main parts as follows:  
1- Introduction of the database:  
Damaged RC buildings with masonry infill in past earthquakes in 4 countries:  
a) 1992 Turkey Erzincan: Damage database of 30 RC buildings with masonry infill in Erzincan. (source: Hasan et al. 1997) 
b) 2015 Nepal EQ: Damage database of 134 RC buildings with masonry infill in Kathmandu (source: Datacenterhub). 
c) 2016 Ecuador EQ: Damage database of 171 RC buildings with masonry infill in Manabi province (source: Datacenterhub). 
d) 2016 Taiwan EQ: Damage database of 65 RC buildings with masonry infill in Tainan (source: Datacenterhub) 
Database of existing buildings in 2 different countries (haven’t experienced recent major earthquake): 
a) Mandalay, Myanmar: Database of 34 existing RC buildings with masonry infill in Mandalay. (source: Datacenterhub) 
b) Dhaka, Bangladesh: Database of 103 existing RC buildings with masonry infill in Dhaka. (source: CDMP 2015 and 
SATREP TSUIP) 
 
2- The proposed methods are then applied to each of the countries that have already suffered earthquake damage which are 
Turkey, Ecuador, Nepal and Taiwan. The proposed methods showed good agreement with the observed damage. 
3- The proposed methods were applied to several existing buildings in Bangladesh and Myanmar which haven’t experienced 
a major earthquake recently. The results showed that more than 60% of investigated buildings are in zones C and zone D, 
which correspond to the most vulnerable buildings. 
4- A detailed seismic evaluation method is applied to four existing buildings in Dhaka, Bangladesh. Results showed that 
considering masonry infill increases the number of brittle columns (having F-index of 1), but in total there is a beneficial 
increase of base shear and seismic capacity index, Is, of 30~60%. 
 
Chapter 7: Summary and Future recommendations: 
This chapter presents the summary and conclusions of all chapters. This chapter discuss the limitations of the proposed method 
that needs further research such as influence of positions of openings, masonry wing wall, aspect ratio (H/L) outside the range of 
0.5~1, and influence of large ratio of perforations in masonry bricks.   
－ 114 －
a) Method based on the Shiga map method for RC buildings:  
A simplified seismic evaluation method using the concepts of Shiga map is proposed to evaluate masonry infilled 
buildings. The novelty point that distinguishes the proposed method from other similar methods, such as Hasan 
and Sozen (1997), is that this proposed method considers the different material strengths expected in each country and the 
difference in seismic demand of different countries. In addition, this method theoretically justifies the criteria of evaluating 
buildings rather than best fit lines.  
b)  Method based on the Japanese evaluation method JBDPA (2001). 
A detailed procedure is proposed to incorporate the strength and ductility of masonry walls into the Japanese seismic 
evaluation standard. The proposed procedures address the calculation of C strength index and F index of masonry infill 
walls and their surrounding frame based on different cases of failure mechanisms. The proposed failure mechanisms 
depend mainly on the relative strength of frame to masonry infill (β index) which could change flexural failure of columns 
into a brittle shear failure due to change in positions of plastic hinges.  
The proposed methods have several limitations which need further research such as the influence of the positioning 
of openings, masonry wing wall influences and aspect ratio (H/L) outside the range of 0.5~1.5.  
 
Chapter 6: Application of the proposed seismic evaluation methods 
Chapter 6 presents the application of the two proposed methods that were presented in Chapter 5 to evaluate the seismic 
capacity of masonry infilled RC buildings. Chapter 6 is divided into four main parts as follows:  
1- Introduction of the database:  
Damaged RC buildings with masonry infill in past earthquakes in 4 countries:  
a) 1992 Turkey Erzincan: Damage database of 30 RC buildings with masonry infill in Erzincan. (source: Hasan et al. 1997) 
b) 2015 Nepal EQ: Damage database of 134 RC buildings with masonry infill in Kathmandu (source: Datacenterhub). 
c) 2016 Ecuador EQ: Damage database of 171 RC buildings with masonry infill in Manabi province (source: Datacenterhub). 
d) 2016 Taiwan EQ: Damage database of 65 RC buildings with masonry infill in Tainan (source: Datacenterhub) 
Database of existing buildings in 2 different countries (haven’t experienced recent major earthquake): 
a) Mandalay, Myanmar: Database of 34 existing RC buildings with masonry infill in Mandalay. (source: Datacenterhub) 
b) Dhaka, Bangladesh: Database of 103 existing RC buildings with masonry infill in Dhaka. (source: CDMP 2015 and 
SATREP TSUIP) 
 
2- The proposed methods are then applied to each of the countries that have already suffered earthquake damage which are 
Turkey, Ecuador, Nepal and Taiwan. The proposed methods showed good agreement with the observed damage. 
3- The proposed methods were applied to several existing buildings in Bangladesh and Myanmar which haven’t experienced 
a major earthquake recently. The results showed that more than 60% of investigated buildings are in zones C and zone D, 
which correspond to the most vulnerable buildings. 
4- A detailed seismic evaluation method is applied to four existing buildings in Dhaka, Bangladesh. Results showed that 
considering masonry infill increases the number of brittle columns (having F-index of 1), but in total there is a beneficial 
increase of base shear and seismic capacity index, Is, of 30~60%. 
 
Chapter 7: Summary and Future recommendations: 
This chapter presents the summary and conclusions of all chapters. This chapter discuss the limitations of the proposed method 
that needs further research such as influence of positions of openings, masonry wing wall, aspect ratio (H/L) outside the range of 
0.5~1, and influence of large ratio of perforations in masonry bricks.   
－ 115 －
